A number of studies have introduced mutations into the yeast invertase signal peptide, using it as a model system to elucidate features for targeting, translocation and intracellular transport Using molecular modelling of the invertase signal peptide we have analysed the hydrophobicity potential and the change in the dielectric constant of the energy transfer, when the molecule moves from a hydrophobic to a hydrophilic phase at the simulated hydrophobic-hydrophilic interface. This modelling has been carried out on wild type and mutant invertase signal peptides of altered function, previously reported in the literature. While the predicted angle of insertion correlates with the measured extent of invertase secretion, with an optimum angle of 45°, mutations that change the angle of orientation reduce the extent of invertase secretion. We have applied these same molecular modelling principles to the naturally occurring variants of the human apolipoprotein B (apoB) signal peptide, that confer a secretion defective phenotype when fused to yeast invertase and expressed in yeast Our modelling thus identifies a strong correlation between the predicted angle of insertion of the signal peptide into the membrane and its ability to direct secretion.
Introduction
The signal peptide of secretory proteins directs the translocation of the protein through the membrane of the endoplasmic reticulum of eukaryotes or the inner membrane of prokaryotes. Comparison of published sequences has shown that there is little conservation of primary signal peptide sequences in either prokaryotes or eukaryotes. However, there are patterns of amino acid residues that appear to be common to most signal sequences: these consist of a hydrophobic core consisting of a stretch of hydrophobic amino acids, basic residues near the N-terminus and small neutral residues at the cleavage site (Von Heinje, 1985) . In bacteria and yeast, mutations that replace basic N-terminal residues with a negative charge or disrupt the hydrophobic core, have been shown to disrupt secretion of the protein (Michaelis and Beckworth, 1982; Benson etai, 1985) .
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The cellular machinery involved in translocation is complex. Recognition of the nascent chain generally requires the combined function of the signal recognition particle (SRP) a ribonucleoprotein consisting of 7S RNA molecules and six polypeptide subunits and its membrane receptor (Walter and Lingappa, 1986) . Because of the absence of a consensus sequence, this recognition is likely to be due to secondary or tertiary features of the signal peptide. It has been proposed that translocation proceeds through a hydrophilic or amphiphilic protein channel, the translocation pore or translocon (Walter and Lingappa, 1986) . However the direct participation of lipids cannot be excluded primarily because of the hydrophobic nature of the signal peptide sequence. This mechanism proposes that transport of the polypeptide chain occurs through a phospholipid bilayer without participation of membrane proteins. Studies with lipid vesicles support the hypothesis that translocation is due to a direct interaction widi the lipid membrane, independent of recognition particles (Geller and Wickner, 1985) . Several studies have been carried out on synthetic signal peptide sequences (Frey and Tamm, 1990; Cyr and Douglas, 1991) . These and others strongly support the interaction of the hydrophobic region of the signal peptide with lipid (Jones etal, 1990; Hoyt and Gierasch, 1991a; McNight etal, 1991; Rusch etal, 1994) . Studies of Escherichia coli phage receptor signal sequence reveal that when interacting with a lipid surface, without insertion, the signal peptide adopts a P-sheet structure, but on insertion converts to an a-helix (Briggs etal, 1986) .
The orientation of the peptide in relation to the lipid is important and some insight has been obtained from studies of viral fusion peptides (Brasseur etal, 1988a,b; Goormaghtigh etal, 1989; Horth etal, 1991) . Conformational analysis applied to lipid-associated proteins such as the simian immunodeficient virus fusion peptide (Voneche etal, 1992a) demonstrated that they interact with lipid through either amphipathic or transmembrane helical structures, which lie either parallel or perpendicular to the hydrophobic-hydrophilic interface respectively.
Yeast invertase has proved to be a useful tool to study eukaryotic signal peptide mutations. Invertase is encoded by the SUC2 gene which is transcribed into two different mRNAs, coding for a constitutive, unglycosylated cytoplasmic form and a glucose-repressed, glycosylated, secreted form encoding the signal sequence (Perlman and Halverson, 1981; Carlson and Borstein, 1982) . In the absence of the signal sequence or when it is non-functional, invertase is localized to the cytoplasm. A range of mutations have been generated in the yeast invertase signal peptide and these support previous suggestions that structural requirements for the eukaryotic signal peptides appear to be more flexible than for E.coli. (Kaiser and Botstein, 1986; Perlman etal, 1986; Kaiser etal, 1987) .
We have previously proposed that the orientation and angle of insertion of a protein at the hydrophobic-hydrophilic interface is of critical importance for function. To test this hypothesis we have applied molecular modelling, determined from the hydrophobicity potential along the signal peptide, to analyse the wild type and mutant yeast invertase signal peptide sequences generated and reported by Ngsee et al. (1989) . In addition, we have carried out the molecular modelling on the three naturally occurring variants of the human apolipoprotein B (apoB) signal peptide sequences, that have been shown to be associated with different levels of plasma lipids (Xu etal, 1990; Boerwinkle etal., 1991; Renges etal, 1991; Peacock etal., 1992; Saha etal., 1992) in several human population studies. We have recently expressed these apoB signal sequences as fusion proteins with yeast invertase in a yeast expression system (Sturley etal., 1994) .
Methods
The method implies a three-step procedure. (i) Calculation of the conformation and orientation of the isolated molecule at the hydrophobic-hydrophilic interface (Brasseur, 1990) .
(ii) Calculation of the molecular hydrophobicity potential (MHP) of the isolated molecule (Brasseur, 1991; Lins and Brasseur, 1995) . (iii) Calculation of the conformation of the molecules inserted into a lipid layer (Brasseur, 1990) .
Computer system
All calculations were performed using as hardware an IBMcompatible PC using a 8087, 80287, 80387 or 80486 processor and as software the PC-TAMMO+ (Theoretical Analysis of Molecular Membrane Organization), PC-PROT+ (Proteins Plus Analysis) and the PC-MSA + (Molecular Structure Analysis) procedures. Graphs were drawn with the PC-MGM + (Molecular Graphics Manipulation) program (ChemCAD, Obemai, France).
Results and discussion
In order to test whether the angle of insertion of the signal sequence into the membrane bilayer was related to the extent of enzyme secretion, firstly our analyses focused on a series of mutations introduced into the yeast invertase signal peptide, as reported by Ngsee et al. (1989) and, secondly, an analysis of data from expression studies of the three naturally occurring human apoB signal peptide isoforms that had been fused to the yeast invertase and expressed in yeast was performed (Sturley et al, 1994) .
By altering the ratio of two or three bases in the synthesis of wild type (wt) oligonucleotides, Ngsee etal. (1989) were able to introduce random mutations into the invertase signal peptide. The mutations fell into three classes: those that secreted invertase but at a reduced amount (class I), those that secreted some invertase but retained a proportion of the invertase intracellularly (class II), and, finally, a class of mutants that were defective in secreting invertase and retained the unglycosylated invertase intracellularly (class III).
In this study, the interaction with a cell membrane of wt and all 27 mutants of the yeast invertase signal peptide was ( modelled, considering the secondary structure of that segment as an a-helix. The yeast invertase signal peptides were then minimized at the hydrophobic-hydrophilic interface using the methods described above. In Table I , the total hydrophobic (Epho) and hydrophilic (£phi) energies, the distance (A) between hydrophobic (Cpt, 0 ) and hydrophilic (C phi ) centres and the total and secreted invertase activities, as presented by Ngsee et al. (1989) , are presented. For example, the amount of invertase secreted (in U/A600 units of cells) for the wild type (YW) and three mutants, Y7, YK and YR, was 15.2 of cells (YW), 10.5 (Y7), 5.0 (YK) and 0.2 (YR). Calculation of the angle of insertion showed that, similar to that observed for viral fusion peptides (Perlman and Halverson, 1981; Carlson and Botstein, 1982; Voneche etai, 1992a,b) , the wt (YW) and mutant Y7 are inserted obliquely into the lipid matrix, the angle of insertion of the mutant YK is reduced to 31° and mutant YR is inserted approximately parallel to the lipid water interface (5°). Figure 1 shows the correlation between the external invertase activity (x-axis) and the computed angle of insertion of the different peptides (Figure la) , the distance (A) between Cpt, 0 and Cphi (Figure lb) and the E^.E^ ratio, which reflects the total hydrophobicity of the peptides (Figure lc) . The prolinecontaining mutant peptides are marked. Although peptides YM and YN have a calculated a-helix, the presence of the proline residue might disrupt the helical structure. For this reason, the interpretation of the calculations is more difficult than for the other peptides in terms of their pho/phi balance and the angle of insertion. Indeed the poor secretion of these two peptides might be due to the disruption of their helical core.
The analysis of this figure suggests that there are three critical features for the insertion of the peptides into the lipid matrix. (i) The activity of a peptide, compared to the wt, decreases if the angle of insertion is <30° or >60°, as observed for the mutants YQ or YR.
(ii) Some peptides, such as Y4 and Y5, show decreased activity compared to the wt, despite a value of the insertion angle of 50°. This decreased activity may be explained by the low A value calculated for these mutants.
(iii) The E^-.E^ ratio also plays a role in the secretion of the peptides. The Y7 mutant possesses a 50° angle of insertion into the lipid matrix, a A value near the wt A value but, however, shows a decreased activity. This decrease can be explained by the lower total hydrophobicity of Y7, compared to the wt.
Thus, three parameters are important for determining the maximal secretion for the yeast invertase: an angle of insertion between 30° and 60°, a large difference between E^o and Et o induce lipid destabilization and allow penetration deep into the lipid matrix and, finally, the peptide at the hydrophobichydrophilic interface must be sufficiently stable, as reflected by the need for a maximal distance between C^ and C^. The wt shows the highest degree of secretion because it shows the optimum combination of these parameters.
Some mutants, such as Y9, YA, YB and YH, show values of these three parameters which should allow them to produce a maximal invertase activity. However, their activity is significantly reduced compared to the wt. This could be due to the local helical destabilization induced by the presence of proline residue(s) in their sequence and this implies that a stable helical structure is required for an active peptide. This observation provides evidence for another important feature for maximal destabilization of the lipid matrix. Table I , plotted against secreted invertase activity.
• represents the prolinecontaining peptides.
The fact that random DNA sequences can replace the invertase signal sequence implies that the hydrophobichydrophilic content and the secondary structure of the sequence might be of major importance for active signal peptide function (Geller and Wickner, 1985) . There is strong evidence to support the idea that the total hydrophobicity of the signal peptide (Jones etai, 1990; Goldstein etai, 1991; Hoyt and Gierasch, 1991b; McNight etai, 1991) and the asymmetric distribution of the hydrophobic and hydrophilic potentials, detennine translocation specificity. The molecular modelling strategy was applied to predict the degree and angle of insertion of the three apoB signal peptide variants into a hydrophobic environment. Results from expression of apoB signal peptide-invertase fusion protein in yeast showed that compared to the common 27 amino acid allele (SP27), the 24 amino acid (SP24) deletion allele and the 29 amino acid (SP29) insertion allele (identified only in individuals of Mexican American origin) exhibit altered invertase activity in comparison to the common isoform. The common SP27 isoform was predicted to have an optimal angle of insertion (54°) to the interface for translocation to occur, whereas, for the SP29 variant, the angle was 23°. The angle of insertion of the SP24 isoform (45°) was predicted to be sufficient for secretion. However, this variant was predicted to lack sufficient total hydrophobicity to penetrate the interface efficiently. These structural predictions are consistent with the observations that the SP24 and SP29 variants of the apoB signal peptide are secretion defective (Sturley etal, 1994) (Table IT) .
Viral fusogenic proteins are similar to signal sequences in that they assume an a-helical structure and insert into the membrane at an oblique angle. There is evidence, too, that mutations introduced by site-directed mutagenesis into fusogenic peptides alter this oblique angle of insertion into the membrane and disrupt their fusogenic properties (Briggs et al., 1986; Brasseur etal., 1988a,b; Hoyt and Gierasch, 1991a) . These similarities between signal sequences and fusogenic peptides suggest that alteration of the orientation to the membrane by the introduction of mutations, disrupts functional properties, whether they be to direct the translocation of the protein across the endoplasmic reticulum membrane or the local disruption of the lipid bilayer.
Thus, our results support the hypothesis that the oblique orientation of the yeast invertase signal peptide to the membrane is important for proper function. This same principle seems to apply to the apoB signal peptide sequence. We have also modelled the wt and mutant alkaline phosphatase signal peptide of E. coli as reported in by Laforet and Kendall (1991) and Rusch and Kendall (1992) (modelling not shown) . The resulting angle of insertion of wt alkaline phosphatase signal peptide was 43° which agrees well with our hypothesis. Mutants with altered C-termini, had insertional angles very similar to wt; polyleucine (Laforet and Kendall, 1991) and polyphenylalanine (Rusch and Kendall, 1992) signal peptides which functioned equally as well as wt, had angles of insertion of 60° [within the range of 45-55(±5°) which we predict will have normal function]. The polytryptophan signal peptide (Rusch and Kendall, 1992 ) which was dysfunctional, had an angle of insertion 81°.
The evidence from signal sequences of the yeast invertase and the human apoB together with that of viral fusion proteins, suggest that an oblique orientation may characterize hydrophobic peptides whose functional purpose is to disrupt lipid membranes.
